Nondegenerate fourwave mixing technique has been used to investigate the third-order nonlinear susceptibility for nanocomposite material with Au nanocrystals formed inside a Si02 glass matrix. High concentrations of encapsulated Au nanocrystals are formed by implantation of Au ions into fused silica glass substrates and thermal annealing. The size distribution and the depth profiles of the Au nanoparticles can be controlled by the implantation dose, energy and annealing temperatures. The high value of the third-order susceptibility (0.26-1 .3)x iO esu was found in the range of the frequency detunings (1/X) 28 cm' near the surface plasmon resonance. Two characteristic relaxation times, 0.66 ps and 5.3 ps, have been extracted from the detuning curve of the third-order susceptibility as the probe-beam frequency changes and the pump-beam frequency fixed at the plasmon resonance. The first relaxation time was attributed to electron-phonon relaxation, and the second to thermal diffusion to the host medium. The efficient nondegenerate conversion is attractive for optical processing.
INTRODUCTION
Metal nanocomposites possess high optical nonlinearities with short response times [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] .
Large third-order nonlinear optical susceptibility, has been reported for nanocomposites with gold [1 -8] [12] ) are the result oflarge enhancement of the local fields in metal particles at the surface plasmon resonance and of the high hyper-polarizabilities of metal particles [1] . The mechanisms contributing to the third-order polarizability of nanoparticles for the degenerate four-wave mixing and the subsequent relaxation [4] . Laser heating of the crystal lattice in gold nanoparticles also contributes to the nonlinearity [14] .
The response time of the cubic nonlinearity is often measured using the pulse delay technique in DFWM experiments [1] [2] [3] [4] [5] [6] [7] 10 , 1 1 , 14,15] . It has been found that there are fast and slow relaxation processes, and the fast decay time is typically in picoseconds or less. The recent investigations of electron dynamics in metal films and nanoparticles using femtosecond pulses revealed femtosecond and picosecond relaxation processes. The decay times were found to depend on the probability of the electron scattering on the nonthermal electron distribution during the early stages of the electron gas internal thermalization, and on the electron temperature Te and lattice temperature T1 after the thermalization [16-1 9]. The role of specific relaxation processes in the nonlinear conversion of laser waves requires further studies.
To increase the susceptibility, one could (a) aggregate nanoparticles to form fractals, which will increase the local field enhancement in the red and infrared regions [8,1 5], or (b) increase the volume fraction ofmetal particles in a sample [5-7,9-1 1], which can increase the total nonlinearity substantially. Stained glass prepared by melting, for example, can only have low concentration of metal particles due to the chemistry. It has been shown that high concentrations of nanocrystals can be achieved by ion implantation ofhigh doses [5, 6, 11, 12, 20] .
In this paper we report the investigation of degenerate and nondegenerate four-wave mixing in gold composites formed by ion implantation of 5i02. Information on the time characteristics of the nonlinear material can be obtained from FWM by tuning the probe-beam wavelength [2, 21] . The efficient nondegenerate conversion is attractive for optical processing. The relation of the observed data to relaxation processes in gold particles is also discussed.
EXPERIMENTAL
Our samples were prepared by implantation of Au ions into Corning fused silica substrates. The sizes and size distribution of Au nanocrystals are functions of the implantation and annealing conditions [22] . In general, implantation at an elevated temperature or with a high dose leads to larger nanocrystals.
For the sample used in this paper, the implantation energy was 2.75 MeV with a dose of 1 .5xi0 ions/cm2. The substrate was heated to 400°C during implantation to facilitate the formation of Au nanocrystals. The implanted Au concentration profile was measured by the Rutherford backscattering (RBS). The optical properties were studied by linear optical transmission and nonlinear optical measurements of degenerate and nondegenerate FWM.
The absolute value of the cubic susceptibility of gold particles in silica at the surface plasmon resonance was measured by a two-beam configuration of the FWM. Figure 1 depicts schematically the interaction of two coherent beams in a thin nonlinear medium, a diffracted beam is generated by the refractive index grating induced by the interference grating of the two incident beams [23] , where o, 0)2, and 0)3 are the frequencies of the pump, probe and signal waves respectively. We used an optical parametric oscillator (Spectra Physics MOPO-730) as the source of the tunable probe wave (02with spectral width of less than 0.2 cm'. The narrow-band pump wave co was the frequency-doubled output of a Nd:YAG laser. The pulse duration was 4 ns for the 02 beam and 8 ns for the o beam. The diameters of the beams were about 2 mm. The two beams had the same linear polarization. The intensity of the probe beam, 12, was usually less than one half of the pump intensity, I. These two beams crossed upon the sample at a relatively small angle (-5°). For DFWM, both the pump and probe beams were at the same wavelength that was tunable using the MOPO laser.
The signal beam at frequency w = 2o -0)2 came out in the direction, k3, nearly symmetric to the probe wave-vector, k2, with respect to the pump wave vector, k1 . A Tektronix 2467B oscilloscope, a video camera, a computer system, fast photodiodes and neutral-density filters were used to measure the conversion efficiency for FWM, = 13/ '2 , where 13 5 the intensity ofthe signal beam. 
RESULTS AND DISCUSSIONS
The implanted Au concentration profile, measured by RBS, is shown in Fig. 2 . The gold particles are distributed over a region of about 1 .tm peaked at 0.9 jtm from the surface. The full width at half maximum of the distribution is 0.45 j.tm. Investigations by cross-sectional transmission electron microscopy have showed that the average diameter of the gold particles in the sample is 6 nm [22] . At the high concentration region, a few large Au particles have sizes of almost 10 nm. At the low concentration regions, the Au particles are about a few nanometers in sizes. The gold volume fraction p is estimated to be 7% in the implanted region. More details on the ion implantation of Au at different temperatures and doses can be found in ref. [22] .
The absorption spectrum of the sample measured with a spectrophotometer is shown in Fig. 3 . The peak ofthe surface plasmon absorption is at = 520 nm and has full-width at half-maximum AX = 100 nm, which is close to the typical value for 6 nm Au particles [4] . The strong absorption in the short wavelength range is aifributed to defect centers in Si02 induced by the ion implantation and interband transitions in gold.
It is observed in the FWM experiment that the intensity of the signal beam 13 is proportional to 11212 when the intensities of the incident beams Ii and '2 are less than 2 MW/cm2. At higher incident intensities, the signal beam intensity has showed saturation. Pulses with intensity more than 6 MW/cm2 induce persistent bleaching of the sample. The experiments described below are carried out below the saturation intensities. Taking into account that our medium is absorbing and the frequency detuning range I?1-?2I <<AA,, we can calculate the absolute value of X'3o3) from the following equation:
where a is the absorption coefficient, T = e' is the transmittance, ?3 is the wavelength of the signal beam, n is the refractive index, and c is the speed of light in vacuum [12] . The values of a, T, and n are taken at the pump wavelength ?i. The Ix3I values measured by the DFWM method at different wavelengths is shown in Fig. 4 . The spectral width of the DFWM iI is about 70 nm, which is less than the plasmon absorption peak width of 100 nm. This means that the absorption is controlled by homogeneous broadening in our sample, which may be explained by the effective medium theory [12] . An important characteristics of nonlinear medium is the figure of merit (FOM),
The measured value of FOM at ? = 532 nm is It is known that for certain optical switching and processing devices the refractive nonlinearity in the low absorption media is preferred. To determine contributions of the real and imaginary parts to the we have carried out z-scan measurements [24] of gold composites at 532 nm. Aqueous gold colloidal solutions were prepared by the method described in [25] . It was found that the imaginary part of the dominates. One can expect a large contribution of the real part to the in the longwavelength absorption wing of aggregated nanocomposite, which was observed for silver clusters [8] .
Nondegeneratefour-wave mixing
The values have also been measured by nondegenerate FWM through detuning of the probe beam (A2). Figure 5 represents the dependence of Ix3k?3)I on the wavenumber detuning I1/i1/X2I. The data for > X2 and < A2 are almost symmetric. It is noteworthy that the value of ixI decreases only by a factor of 5 for the wavenumber difference I1/Xi-1/X21 =28 cm1. The dependence of changes slope in the log-log scale plot at a = 1 cm', and at b = 8 cm'. The slope changes from 0 to 0.2 at the first deflection point, and it changes from 0.2 to 1 at the second place.
According to the simple model of the FWM in a two-level system [21], 3) as a function of frequency or wavenumber difference may have two deflection points. These points correspond to longitudinal ('r1) and transverse (t2) relaxation times. This model is qualitatively consistent with our experiment result. The E symbols represent data for Xi > X2, and A symbols for X <X2.
(log-log plot).
To quantitatively describe the dependence on e for gold particles, a more sophisticated model was considered [2] . This model takes into account that plasmon oscillations decay nonradiatively 39 0.1 into a reservoir of electron and phonon energy. This thermal reservoir cools down with relaxation time tV. The numerical analysis [2] showed that, for short longitudinal (Ti) and transverse (t2) relaxation times, the lifetime associated with energy transfer into or out of the reservoir introduces another slope change to The dispersion calculated for tv = 5.3 ps and -r2 = 3.5 fs showed slope changes at 1/Xi-l/A2I 1 cm1 and 1000 cm1 [2] . No change ofthe slope has been observed in the FWM signal at 2.8 < 11/Xi1/X2f < 110 cm' region for gold particles with a diameter of3O nm in colloidal solution.
The characteristic times correspond to the deflection points in the detuning curve of I I are ta = (2itcQa)' 5.3 ps Ifld Tb (2ircb)1 = 0.66 ps. The time of thermal diffusivity responsible for cooling a single-particle reservoir may be estimated as tv = cipir2/3K2 = 5.4 ps (using values of gold lattice specific heat Cl 0. 13 J/g.K, density p = 19.3 g/cm3, particle radius r = 3 nm, and silica thermal conductivity 1(2 = 0.014 W/cm.K). The lattice temperature of gold nanoparticles in silica irradiated by 2 MW/cm2, 10 nanosecond pulse, is evaluated as T1 = 350K, which is approximately equal to the electron temperature. For the thermally excited quasiparticles in the nonthermal electron model [16] at the characteristic temperatures of 300-600K, the electron-electron collision time is equal to the electronphonon energy relaxation time, Prep 7 T1/g 0.77 ps , where y = 66 J/m3K2 (electron specific heat is Ce 'yTe), 1fld electron-phonon coupling coefficient g = 3 x 1016 W/m3.K. Considering the good agreement between ta, Tb 1fld the estimated 'rv, tep, we attribute the deflection points measured in our experiments to the characteristic times of the thermal diffusivity from a gold particle to a host medium, tv = ta 5.3 ps, and to electron-phonon energy relaxation time, t, = tb = 0.66 ps.
CONCLUSIONS
Large nonlinear susceptibility, I I > io esu, was observed in the nanocomposite of gold imbedded in glass formed by the ion implantation technique. RBS measurement shows that Au was implanted within the 1 tm region near the surface. The third-order susceptibility has been measured using both the degenerate and nondegenerate four-wave mixing method. High values of ' (0.26- 
